Experimental nonhuman primate models of asthma exhibit multiple features that are characteristic of an eosinophilic/T helper 2 (Th2)-high asthma subtype, characterized by the increased expression of Th2 cytokines and responsive genes, in humans. Here, we determine the molecular pathways that are present in a house dust mite-induced rhesus asthma model by analyzing the genomewide lung gene expression profile of the rhesus model and comparing it with that of human Th2-high asthma. We find that a prespecified human Th2 inflammation gene set from human Th2-high asthma is also present in rhesus asthma and that the expression of the genes comprising this gene set is positively correlated in human and rhesus asthma. In addition, as in human Th2-high asthma, the Th2 gene set correlates with physiologic markers of allergic inflammation and disease in rhesus asthma. Comparison of lung gene expression profiles from human Th2-high asthma, the rhesus asthma model, and a common mouse asthma model indicates that genes associated with Th2 inflammation are shared by all three species. However, some pathophysiologic aspects of human asthma (ie, subepithelial fibrosis, angiogenesis, neural biology, and immune host defense biology) are better represented in the gene expression profile of the rhesus model than in the mouse model. Further study of the rhesus asthma model may yield novel insights into the pathogenesis of human
Experimental nonhuman primate models of asthma exhibit multiple features that are characteristic of an eosinophilic/T helper 2 (Th2)-high asthma subtype, characterized by the increased expression of Th2 cytokines and responsive genes, in humans. Here, we determine the molecular pathways that are present in a house dust mite-induced rhesus asthma model by analyzing the genomewide lung gene expression profile of the rhesus model and comparing it with that of human Th2-high asthma. We find that a prespecified human Th2 inflammation gene set from human Th2-high asthma is also present in rhesus asthma and that the expression of the genes comprising this gene set is positively correlated in human and rhesus asthma. In addition, as in human Th2-high asthma, the Th2 gene set correlates with physiologic markers of allergic inflammation and disease in rhesus asthma. Comparison of lung gene expression profiles from human Th2-high asthma, the rhesus asthma model, and a common mouse asthma model indicates that genes associated with Th2 inflammation are shared by all three species. However, some pathophysiologic aspects of human asthma (ie, subepithelial Asthma is characterized by variable airflow obstruction, airway hyperreactivity, and chronic airway inflammation. Despite these common clinical features, asthma is a heterogeneous disease that can be subclassified by a number of different measures, including the nature of the airway inflammation. 1, 2 Airway eosinophilia, a hallmark of T helper 2 (Th2) inflammation, defines a major subtype of severe asthma, with other major subtypes defined by neutrophilic and paucigranulocytic inflammation. [1] [2] [3] [4] Recent analyses of airway gene expression in mild-to-moderate asthmatics not being treated with corticosteroids defines a molecular signature of Th2 inflammation that correlates with airway and peripheral eosinophilia, airway hyperreactivity, subepithelial fibrosis, distinct patterns of mucin expression, and elevated IgE. 5, 6 The Th2-high subtype of asthma in mild-to-moderate asthmatics is associated with the cytokines IL-5 and IL-13 and is correlated with a clinical response to inhaled corticosteroid treatment.
Nonhuman primate models of asthma have been used to study pathogenic mechanisms and the efficacy of therapies, given the close similarities between monkeys and humans. [7] [8] [9] [10] [11] [12] [13] Several features of lung and immune biology in nonhuman primates more accurately model human biology than the mouse, which is the most commonly used animal species for preclinical asthma studies. 8 For example, in both humans and rhesus monkeys the primary distal airway is the respiratory bronchiole, whereas in rodents it is the nonalveolarized bronchiole. Basal cells are found throughout the tracheobronchial airways of both humans and rhesus monkeys but only in the tracheas of mice. In addition, Clara cells are found only in the bronchioles of both humans and rhesus monkeys but throughout the tracheobronchial airways of mice. Some unique features of asthma found in humans and rhesus monkeys but not mice include intrinsic airway hyperreactivity (except for the A/J mouse strain), smooth muscle hypertrophy in the more distal bronchi and respiratory bronchioles, exfoliation of epithelial sheets, and mast cell infiltration of airway smooth muscle. 11, 14, 15 Thus, the study of nonhuman primate models of asthma is an important complement and supplement to studies of mouse asthma models in preclinical asthma research.
Gene expression profiling of disease tissues enables the genomewide assessment of molecular pathways that are dysregulated in disease. Although several groups have performed genomewide transcriptional profiling of preclinical mouse asthma models, 16 -24 and a few publications have assessed gene expression in nonhuman primate asthma models, 10, 25, 26 data are limited on genomewide gene expression in nonhuman primate asthma models, and we are not aware of any publications that have directly compared the genomewide transcriptional profiles of human asthma with those of any preclinical asthma model, regardless of species.
A model of allergic asthma induced in rhesus monkeys by house dust mites (HDMs) exhibits multiple pathophysiologic features of human allergic asthma and has been used to assess the efficacy of immunomodulatory therapies. 9 -12 Here, we have conducted gene expression profiling of lung airway samples from this rhesus asthma model. We assess the relation between rhesus lung gene expression and physiologic parameters of inflammation and disease. In addition, we compare lung gene expression of human Th2-high asthma with that of the rhesus asthma model, as well as that of a commonly used mouse asthma model, to assess similarities and differences in lung gene expression between human Th2-high asthma and these two animal models of asthma.
Materials and Methods

Human Subjects
Bronchial biopsy RNA from 27 nonsmoking patients with mild-to-moderate asthma and healthy nonsmoking subjects were obtained from the University of California San Francisco Airway Tissue Bank, a specimen biorepository approved by the University of California San Francisco Committee on Human Research. Endobronchial biopsies had been collected from a subset of patients for whom we have previously described gene expression profiles of bronchial epithelial brushings. 6, 27 Three to six endobronchial biopsies were collected from the carinae of the second-to fourth-order bronchi. Informed consent was obtained from all human subjects.
Rhesus Model of Allergic Asthma
An HDM-induced allergic asthma model in young adult rhesus monkeys (Macaca mulatta) has been described previously. 12 The model consisted of an 18-month disease development phase, followed by a treatment phase. Data from the treatment phase was published previously. 12 Data from the 18-month disease development phase is presented in this article. The animal protocol was approved by the Institutional Animal Care and Use Committee Ethical Review Board at the University of California Davis. All monkeys were selected from the California National Primate Research Center's breeding colony on the basis of social rank, treated with ivermectin subcutaneously at 0.2 mg/kg for potential parasites, and isolated indoors for 1 month. Briefly, 12 adult rhesus monkeys were sensitized with a subcutaneous injection of HDM allergen extract followed by 3 biweekly intranasal instillations of HDM and 6 weekly aerosol challenges of HDM. Ten adult rhesus monkeys were subjected to control treatment with PBS injections and mock aerosol challenges. After the sensitization procedure, sensitized monkeys were regularly exposed to aerosolized HDM for 2 to 3 hours twice a week, for a total of 18 months, and also received additional subcutaneous and intranasal HDM boosts at weeks 56, 71, and 75. Although all 12 sensitized animals were enrolled and characterized for the duration of the study, only 4 of the 10 control animals were kept and characterized beyond the postsensitization time point, because of cost constraints. The six control animals that were dropped from the study were randomly selected for exclusion such that there were no differences in the mean group values of measured parameters in the control group between the 4-animal subset and the entire group of 10 control animals. Data and samples were collected over a 2-week period, starting at weeks Ϫ4 to Ϫ8 for the presensitization time point, week 15 for the postsensitization time point, and week 75 for the 18-month time point, whereby week 0 denotes the beginning of the sensitization protocol. In the first week of data and sample collection, peripheral blood and serum samples were obtained just before an aerosol challenge for determination of complete blood counts, flow cytometric analysis, and serum ELISAs. Blood leukocyte values and differential counts were determined as described previously.
11 Forty-eight hours after the aerosol challenge, pulmonary mechanics and airway hyperreactivity to methacholine were determined as described previously. 11 In the second week of data and sample collection, bronchoalveolar lavage fluid (BALF) samples were collected 48 hours after an aerosol challenge for determination of leukocyte differentials and flow cytometric analysis, as described previously. 11 Immediately after the BALF collection, five lung biopsies were obtained from the subcarina at the lower or middle lobes of the lung by flexible bronchoscopy with the use of a 1-mm biopsy forceps, after intubation with an appropriatesized, cuffed endotracheal tube. Animals were deprived of food 8 hours before the bronchoscopy to minimize the risk of aspiration during anesthesia. During the bronchoscopy procedure, oxygen saturation and heart rate monitoring were provided continuously, and supplemental oxygen was routinely given. The bronchoscope (2.7 to 3.6 mm in diameter; Olympus, Center Valley, PA) was passed through the nose, 5 mg of lidocaine was instilled on the larynx for topical anesthesia, and the bronchoscope was directed into the trachea. A second dose of 5 mg of lidocaine was administered through the bronchoscope for topical anesthesia and to reduce the cough reflex, and the bronchoscope was directed to the thin shelf of tissues dividing segmental or subsegmental airways. Three biopsies were preserved in RNAlater RNA stabilization reagent (Qiagen, Valencia, CA) for RNA extraction and gene expression profiling, and two biopsies were reserved for histopathology analyses. Intradermal skin testing for reactivity to HDM antigen was performed as described previously 11 at approximately 5 months before the start of sensitization for the presensitization time point and at week 5 for the postsensitization time point, whereby week 0 denotes the beginning of the sensitization protocol. During all data and sample collection, animals were sedated with ketamine (10 mg/kg, i.m.) and then anesthetized with propofol (0.1 to 0.2 mg/kg/ min, i.v.), with the dose adjusted as deemed necessary by the attending veterinarian.
Flow Cytometry
Peripheral blood mononuclear cells and BALF cells were prepared for immunofluoresence staining and analyzed by flow cytometry on a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ).
Total and HDM-Specific IgE ELISAs
Total IgE in rhesus monkey sera was measured by ELISA with the use of monoclonal anti-IgE MAE11 (Genentech, South San Francisco, CA) for capture and peroxidaseconjugated goat anti-human IgE antibody (Kirkegaard and Perry Laboratories, Gaithersburg, MD) for detection. The standard range was 0.098 to 12.5 ng/mL for human IgE. The minimum sample dilution was 1:10 to avoid any interference from sera in the assay. Rhesus monkey IgE concentrations were calculated by dividing the concentrations obtained on the basis of a human IgE standard curve by a correlation factor of 0.029, which was determined with purified cynomolgus monkey IgE (Genentech). HDM-specific IgE titers were measured by ELISA with the use of monoclonal anti-IgE MAE11 for capture and biotinylated HDM allergen Der f1 (Indoor Biotechnologies, Charlottesville, VA) for detection, followed by horseradish peroxidase-conjugated streptavidin (GE Healthcare, Little Chalfont, Buckinghamshire, UK). For calculation of titers, a cut point was set at twice the absorbance of a 1:100 diluted blank rhesus monkey serum (Bioreclamation, Westbury, NY). The dilution factor at which an absorbance value equaled the cut point was calculated from a linear interpolation of absorbance values obtained from serial dilutions of samples. Titer is reported as the log 10 of the dilution factor. Titers for negative samples are reported as Ͻ1.52 because a minimum sample dilution factor of 33.3 was used.
Histopathology
Biopsies were placed individually in cryomolds and submerged in optimal cutting temperature compound media (Sakura Finetek, Torrance, CA). Cryomolds were then chilled to set optimal cutting temperature compound and stored at Ϫ80°C. All sections were cut 5-m thick and stained with H&E for histologic analysis. All biopsies were scored in a blinded manner at the time of collection.
Microarray Gene Expression Profiling
Human lung airway biopsy RNA was isolated from homogenized bronchial biopsies as described previously. 5, 6 Total RNA was extracted from individual biopsy samples with the use of RNeasy Mini Kits (Qiagen), following the manufacturer's guidelines, and all biopsy RNA from each individual subject was pooled for further processing and analysis. RNA samples were quantified with a Nanodrop ND-1000 UV-spectrophotometer (Thermo Scientific, West Palm Beach, FL), and RNA quality was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). The quantity of total RNA used in a two-round amplification protocol ranged from 10 ng to 50 ng per sample. First-round amplification and secondround cDNA syntheses were done with the Message Amp II aRNA Amplification Kit (Applied Biosystems, Foster City, CA). Cyanine-5 dye was incorporated with the Quick Amp Labeling kit (Agilent Technologies). Each cyanine-5-labeled test sample (750 ng) was pooled with cyanine-3-labeled Universal Human Reference RNA (Stratagene, La Jolla, CA) and hybridized onto Agilent Whole Human Genome 4 ϫ 44K arrays as described in the manufacturer's protocol. Arrays were washed, dried, and scanned on the Agilent scanner according to the manufacturer's protocol. Microarray image files were analyzed with Feature Extraction software 9.5 (Agilent Technologies). Human lung airway biopsy microarray data have been deposited in Gene Expression Omnibus with the accession code GSE23611.
Rhesus lung airway biopsies were recovered from RNAlater and homogenized in RLT buffer (Qiagen) with the use of an MM300 mixer mill (Retsch, Haan, Germany). RNA was isolated from homogenized tissue with the use of RNeasy Micro Kits (Qiagen) with on-column DNase treatment, following the manufacturer's guidelines, and concentrated by ethanol precipitation. RNA samples were quantified with a Nanodrop ND-1000 UV-spectrophotometer (Thermo Scientific), and RNA quality was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies). Subsequently, RNA was amplified with the Low RNA Input Fluorescent Linear Amplification protocol (Agi-lent Technologies). A T7 RNA polymerase single round of linear amplification was performed to incorporate Cyanine-3 and Cyanine-5 label into cRNA. Each Universal Human Reference (Stratagene) cRNA labeled with Cyanine-3 and test sample cRNA labeled with Cyanine-5 (750 ng) was fragmented for 30 minutes at 60°C before loading onto Agilent Whole Human Genome microarrays (Agilent Technologies). Samples were hybridized for 18 hours at 60°C with constant rotation. Microarrays were washed, dried, and scanned on the Agilent scanner according to the manufacturer's protocol. Microarray image files were analyzed with Feature Extraction software version 7.5 with default parameters and Lowess normalization to yield summary ratio data (Agilent Technologies). Rhesus lung airway biopsy microarray data have been deposited in Gene Expression Omnibus with the accession code GSE23327.
Statistical and Bioinformatic Analyses
Rhesus model data were expressed as mean Ϯ SD. P values were calculated with JMP version 8.0.1 (SAS Institute, Cary, NC). A Wilcoxon/Kruskal-Wallis Test (rank sums) was used to compare the sensitized and nonsensitized groups. P values Ͻ 0.05 were considered significant. For analysis of rhesus gene expression microarray data, all statistical calculations were performed with the R Project software package, version 2.10.0. Linear modeling was performed with the Limma package of Bioconductor. Control probes, probes exhibiting CVs in the lowest quartile, and probes without Entrez Gene annotation were excluded. In cases in which multiple probes mapped to the same Entrez Gene record, the probe with the highest CV was retained, and the others were excluded. Moderated t-statistics from modeling were used to calculate adjusted P values with the use of the method of Benjamini-Hochberg. Probes were defined as differentially expressed when the false discovery rate was Ͻ20%. Correlation coefficients between gene expression and physiologic parameters were performed with Spear- Figure 1 . Sensitization to HDM antigen induces allergic inflammation and airway hyperreactivity in rhesus monkeys. Twelve rhesus monkeys were sensitized with a subcutaneous injection of HDM antigen extract and intranasal HDM, followed by regular exposure to aerosolized HDM for 2 to 3 hours twice a week, for a total of 18 months. Sensitized rhesus monkeys also received additional subcutaneous and intranasal HDM boosts at weeks 56, 71, and 75. Ten rhesus monkeys were subjected to control treatment with PBS injections and mock aerosol challenges. Data were collected at week Ϫ4 to Ϫ8 for the presensitization time point, week 15 for the postsensitization time point, and week 75 for the 18-month time point, whereby week 0 denotes the beginning of the sensitization protocol, for all 12 sensitized and all 10 nonsensitized monkeys, except for the 18-month time point, whereby data were collected for all 12 sensitized and only 4 of the 10 nonsensitized monkeys. BALF eosinophils (A), serum HDM IgE titers (B), peripheral blood (PB) eosinophils (C), BALF lymphocytes (D), total serum IgE (E), and airway hyperreactivity to methacholine (F) in sensitized and nonsensitized groups at presensitization, postsensitization, and 18-month time points. Airway hyperreactivity is expressed as EC 150 , the effective concentration of methacholine required to increase airway resistance (Raw) to 150% of baseline, whereby a lower EC 150 indicates greater airway hyperreactivity. Data are expressed as mean Ϯ SD. *P Ͻ 0.05 versus nonsensitized animals, Wilcoxon/Kruskal-Wallis Test (rank sums).
man's method. Nominal correlation P values were calculated with algorithm AS 89 and adjusted with Storey's q-value method. For comparison of human, rhesus, and mouse gene expression microarray data, expression data from murine studies were linked to orthologous human genes with the use of National Center for Biotechnology Information annotation: first, GenBank transcript annotation for each human or murine probe was linked to a gene of the same species by GenBank annotation; second, human and mouse genes were linked by Homologene cluster data. Statistical thresholds for determining differential expression in the animal models were P value was Ͻ0.05 and fold change was Ͼ1.2.
Results
A Rhesus Asthma Model Exhibits Features of Allergic/Th2 Inflammation
We developed a model of allergic asthma in rhesus monkeys, as described previously, 12 in which 12 adult rhesus monkeys were sensitized to HDM allergen and 10 adult rhesus monkeys were subjected to mock sensitization. During 18 months of disease development and progression, we assessed lung physiologic parameters (pulmonary mechanics and airway hyperreactivity to methacholine), lung inflammatory parameters (BALF cell composition and histology of lung airway biopsies), and systemic parameters (total and HDM-specific serum IgE, complete peripheral blood count, and skin test reactivity to HDM) at presensitization, 15-week postsensitization, and 18-month time points. Overall, animals in the sensitized group developed several physiologic features of asthma, including airway hyperreactivity, lung inflammation, and systemic allergic sensitization, with some heterogeneity in disease parameters on an animal-to-animal basis, as would be expected in an outbred population of rhesus monkeys. These physiologic features of disease are comparable to those observed in previous studies of the rhesus asthma model 9 -11 and are also similar in magnitude to those observed in human asthma. ). The fold change for each of 93 Agilent probes corresponding to 79 uniquely annotated genes is compared for human Th2-high asthma (versus Th2-low asthma and healthy controls) and rhesus asthma (versus nonsensitized animals). Each point corresponds to one probe, but for clarity only a subset of the 93 probes is labeled. 2011, Vol. 179, No. 4 As shown in Figure 1 , A and B, BALF eosinophils and HDM-specific serum IgE titers increased in sensitized animals during the disease development phase at both the postsensitization and 18-month time points. Sensitized animals also exhibited a statistically significant increase in BALF neutrophils and in the extent of activated CD4 T cells in the BALF (see Supplemental Figure S1 at http://ajp. amjpathol.org). Peripheral blood eosinophils ( Figure 1C) , total BALF lymphocytes ( Figure 1D ), and total serum IgE ( Figure 1E) were not significantly different between the sensitized and nonsensitized animals and did not change during the disease development period. Blinded scoring of histologic analysis of airway biopsies was consistent with the development of airway inflammation in the sensitized group. Although the small size of the rhesus monkeys created challenges for biopsy collection and quality, mild-tomoderate airway inflammation was apparent in most of the sensitized animals from which data could be obtained (Figure 2 , A and B; see also Supplemental Table S1 at http:// ajp.amjpathol.org). In addition, all sensitized animals developed skin test reactivity to HDM that was apparent at both the postsensitization and the 18-month time points (see Supplemental Table S2 at http://ajp.amjpathol.org).
Lung Gene Expression in Rhesus Asthma
The sensitized group was selected to have a greater average intrinsic airway hyperreactivity to methacholine than the nonsensitized group at the presensitization time point, to model the intrinsic airway hyperreactivity observed in human asthma. With the use of a definition of airway hyperreactivity of a methacholine EC 150 value of Ͻ8 mg/mL, which is similar to the definition of airway hyperreactivity in human asthmatics, 28 4 of the 12 animals in the sensitized group and none of the animals in the nonsensitized group were hyperreactive before sensitization. Both sensitized and nonsensitized groups had increased airway hyperreactivity at the postsensitization time point, compared with the presensitization time point ( Figure 1F ). However, many more animals in the sensitized group were hyperreactive at the postsensitization time point, compared with the nonsensitized group (9 of the 12 animals in the sensitized group were hyperreactive, whereas only 1 of the 10 animals in the nonsensitized group was hyperreactive). When we compared all 12 animals in the sensitized group with all 10 animals in the nonsensitized group at the presensitization and postsensitization time points, we found no statistically significant difference in the change in airway hyperreactivity between the groups, because of minimal changes or slight decreases in the hyperreactivity of the 4 Data have passed threshold for significance (P ϭ 0.069) at a false discovery rate of 20%. PB, peripheral blood; AHR, airway hyperreactivity; EC 150 , the effective concentration of methacholine required to increase airway resistance to 150% of baseline.
animals in the sensitized group that were already hyperreactive at the presensitization time point. However, when we compared the 8 animals in the sensitized group and the 10 animals in the nonsensitized group that were not hyperreactive before sensitization and which had comparable levels of airway hyperreactivity at the presensitization time point, we found that the sensitized group showed a greater increase in airway hyperreactivity at the postsensitization time point than the nonsensitized group, indicating that the sensitization protocol induced airway hyperreactivity in the sensitized group (see Supplemental Figure S2 at http://ajp.amjpathol.org).
The Rhesus Asthma Model Exhibits a Th2 Inflammation Gene Expression Signature in the Lung Airways
To compare the molecular pathways and mediators in the rhesus asthma model with those of human asthma, we analyzed lung airway biopsies from all 12 sensitized and all 10 nonsensitized animals at the postsensitization time point. RNA from these biopsies was prepared and analyzed on Agilent Whole Human Genome expression microarray chips, and genes were assessed for differential expression by considering pairwise comparisons between sensitized and control animals. We assessed the genes that were differentially expressed in the postsensitization time point samples from sensitized rhesus monkeys (versus nonsensitized) and compared them with the genes that were differentially expressed in lung airway biopsies from a previously described cohort of mild-to-moderate asthmatic patients who were not being treated with steroids (versus healthy controls). 5, 6 Our previous studies identified a set of three genes that are specifically induced in human asthmatic epithelium, are directly regulated by the Th2 cytokine IL-13 in vitro, and can serve as a surrogate marker of Th2 inflammation in the lung. 6, 27 These three genes (periostin, chloride channel regulator 1/CLCA1, and serpin peptidase inhibitor clade B member 2/serpinB2) are increased not only in human asthmatic epithelial cell brushings but also in matched lung biopsies and define a Th2-high subset of patients who have airway eosinophilia, increased serum IgE, airway hyperreactivity, and subepithelial fibrosis. 6 Additional analysis of lung biopsies from Th2-high asth- matics identified a set of 93 probes corresponding to 79 uniquely annotated genes that are highly intercorrelated and that define a larger Th2 inflammation gene set in lung biopsies, compared with the 3-gene set in lung epithelium. 5 Several other groups have also defined Th2 inflammation gene sets, and many of the genes comprising our epithelial 3-gene set and our biopsy 79-gene set have also been identified by other groups in their Th2 inflammation gene sets and/or have been previously shown to be induced by the Th2 cytokines IL-4 and IL-13. 5,19,20,25,26,29 -34 We found that periostin, CLCA1, and serpinB2 are increased in rhesus asthma lung biopsies ( Figure 3A) . Moreover, the human biopsy 79-gene set is correlated between human asthma and rhesus asthma ( Figure  3B ). Taken together, these data indicate that there is a strong Th2 inflammation gene signature in rhesus asthma and that the expression of Th2 inflammation genes is similar between human Th2-high asthma and rhesus asthma.
Th2 Inflammation Genes Correlate with Physiologic Measures of Th2 Inflammation and Disease in the Rhesus Asthma Model
Because our Th2 inflammation genes correlated with physiologic parameters of Th2 inflammation and disease in human asthma, 5, 6 we investigated whether this was also true for the rhesus asthma model. We assessed the correlation of our Th2 inflammation gene set at the postsensitization time point in the rhesus asthma model with BALF eosinophils, BALF lymphocytes, peripheral blood eosinophils, total serum IgE, HDM-specific serum IgE, and airway hyperreactivity to methacholine. To reduce the statistical penalty for multiple testing, we limited the genes tested to a subset of 25 genes from the previously defined 79-gene set in human asthmatics. This 25-gene set was generated by first applying filters of a fold change Ͼ 1.2 and a q-value Ͻ 0.05 to whole-genome expression profiles of lung airway biopsies from the Th2-high subset of asthmatic patients (comparing the Th2-high asthma subset with both the Th2-low asthma subset and the healthy control subjects) to generate a 35-gene set, followed by an additional filter of increased expression (fold change Ͼ 1) in rhesus asthma lung airway biopsies compared with nonsensitized control rhesus lung airway biopsies to generate the final 25-gene set. Many of the genes in the 25-gene set were modestly upregulated in rhesus lung airway biopsies with respect to the mean fold change between sensitized and nonsensitized groups, because of the heterogeneity of the animals in each group. Importantly, however, there was sufficient variability in gene expression and physiologic parameters in individual animals to support testing for correlations.
With the use of a cutoff threshold corresponding to a false discovery rate of 20%, we found that 10 of the 25 genes were correlated with BALF eosinophils, 6 of the 25 genes were correlated with HDM-specific serum IgE levels and peripheral blood eosinophils, and 5 of the 25 genes were correlated with airway hyperreactivity. This correlation between Th2 inflammation genes and disease parameters on an animal-to-animal basis in the sensitized group is similar to that observed in human asthma. 5, 6 There was no correlation between the set of 25 genes and total serum IgE and very little correlation between the set of 25 genes and BALF lymphocytes, because only 1 of the 25 genes was correlated with BALF lymphocytes. A summary of the correlation of the 25 genes with the various physiologic parameters is shown in Table 1 , and a plot of the correlation of each gene in the 25-gene set with BALF eosinophils is shown in Supplemental Figure  S3 at http://ajp.amjpathol.org.
Comparison of Human, Rhesus, and Mouse Asthma Gene Expression Profiles Shows Common and Distinct Pathophysiologies
The most commonly used species in preclinical animal models of asthma is the mouse. To assess which aspects of human Th2 asthma are recapitulated in rhesus and mouse asthma models, we compared a published lung gene expression profile in a standard mouse asthma model with the airway biopsy gene expression profiles in rhesus asthma and human Th2 asthma. We reanalyzed the lung gene expression microarray data from a published study of an acute ovalbumin-induced asthma model in BALB/c mice (BALB/c OVA) 21 with the use of the same analytic methods that we applied to our rhesus and human data sets, and compared the Human asthma Th2 inflammation genes are also up-regulated in rhesus and mouse models of asthma. Thirty-five genes that represent a Th2 inflammation signature in the Th2-high subset of human asthma, defined by applying filters of a fold change Ͼ1.2 and a q-value of Ͻ0.05 to whole-genome expression profiles of lung airway biopsies from the Th2-high subset of asthmatic patients (comparing the Th2-high asthma subset with both the Th2-low asthma subset and the healthy control subjects), were tested for differential expression in the rhesus asthma model and an OVA-induced mouse asthma model. The fold change of each gene in each model species that meets a false discovery rate cutoff of 20% is plotted against the fold change of that gene in human Th2-high asthma. The fold change of rhesus and mouse asthma model genes that do not meet the false discovery rate cutoff is plotted as 1.0. 2011, Vol. 179, No. 4 results with the use of homology links between human and mouse genes defined by Homologene. 35 Although there are multiple variations of mouse asthma models consisting of different sensitization and challenge protocols, as well as different antigens, the BALB/c OVA mouse asthma model whose gene expression we analyzed is the most commonly used version of mouse asthma in the literature. As expected, our analysis of the BALB/c OVA gene expression data set produced results similar to those originally published.
Abbas et al
When comparing genes that are commonly up-regulated in human, rhesus, and BALB/c OVA mouse asthma, we found that a dominant gene signature that is shared among all three species contains genes that are associated with Th2 inflammation. Of the 35-gene set that represents the Th2 inflammation signature in the Th2-high subset of human asthma, as described above, many of the genes are also up-regulated in either sensitized rhesus or sensitized mice, although few of the genes are up-regulated in both species (Figure 4) .
To more broadly assess the similarities and differences between human, rhesus, and BALB/c OVA mouse asthma, all genes differentially expressed in human Th2-high asthma biopsies (comparing the Th2-high asthma subset with both the Th2-low asthma subset and the healthy control subjects) were examined for significant differential expression in rhesus and BALB/c OVA asthma. Most genes that were differentially expressed in disease were specific to a single species, with 309 genes in common between human and rhesus asthma and 217 genes in common between human and BALB/c OVA asthma ( Figure 5 ). Only 11 genes were up-regulated in all three species (see Supplemental Table S3 at http:// ajp.amjpathol.org). Of these 11 genes, periostin has been previously described to be associated with Th2 inflammation and is produced downstream of IL-4 and IL-13 signaling. 6, 27 To determine which biological pathways in human Th2-high asthma are specifically represented in either rhesus or BALB/c OVA asthma, we used the Database for Annotation, Visualization, and Integrated Discovery 36 to identify sets of genes from the Gene Ontology, SwissProt/ Protein Information Resource, KEGG, INTERPRO, and SMART databases that are enriched among the genes shared by human and rhesus asthma or human and mouse asthma (last accessed May 13, 2010) . A total of 30 groups with an adjusted P value of Ͻ10 Ϫ1 are specific to human Th2-high asthma and rhesus asthma and describe biological processes ( Table 2 ). These groups are enriched for genes associated with extracellular matrix biology, cell morphogenesis, nervous system biology, immune host defense biology, and angiogenesis (Table  3 ). In contrast, only four groups with an adjusted P value of Ͻ10
Ϫ1 are specific to human Th2-high asthma and BALB/c OVA asthma and describe biological processes (Table 4 ). These groups include extracellular matrix biology, sequence-specific DNA-binding proteins, and proteins associated with developmental biology. 
Discussion
It is increasingly recognized that asthma is a heterogeneous disease 1, 2 and that a diversity of pathogenic mechanisms can give rise to the common clinical manifestations of variable airflow obstruction, airway hyperreactivity, and chronic airway inflammation that are observed in human asthmatics. The composition of the airway inflammation in the asthmatic lung has been studied by several groups and has been found to be heterogeneous in disease, [1] [2] [3] [4] with one common subtype of 1676 Abbas et al AJP October 2011, Vol. 179, No. 4 asthma defined by eosinophilic lung inflammation that is associated with Th2 inflammatory gene expression. 5, 6 A better understanding of the pathophysiology of eosinophilic/Th2-high asthma and other asthma subtypes will facilitate the identification of novel asthma therapeutics, as well as the identification of the appropriate patient populations for treatment with these therapies.
Studies of nonhuman primate models of asthma have yielded important insights into human asthma pathogenesis, given the strong similarities between nonhuman primates and humans. Although mice are the most commonly used species in preclinical asthma research, studies of nonhuman primate models of asthma can complement and supplement studies of mouse models of asthma, given the limitations of mouse asthma models in modeling human disease.
14,37-40 Here, we have assessed the genomewide lung gene expression profile of an allergic asthma model induced in rhesus monkeys by HDM and have compared it with the lung gene expression profiles of the eosinophilic/Th2-high subtype of human asthma and a commonly used mouse asthma model. We find that a dominant gene expression signature in all three species is a Th2 inflammation gene signature. Significantly, there is a strong correlation between a prespecified set of human Th2 inflammation genes in human Th2-high asthma and in the rhesus asthma model. In addition, similar to studies of this lung Th2 inflammation gene set in human asthma, 5, 6 we find that the Th2 inflammation gene set correlates with physiologic measures of Th2 inflammation and disease in rhesus asthma, including BALF eosinophils, peripheral blood eosinophils, HDM-specific serum IgE, and airway hyperreactivity. Thus, consistent with previous reports, 11 the rhesus asthma model exhibits many features of human Th2-high asthma. In support of our observations, others have also reported gene expression that is associated with Th2 inflammation in the lungs or BALF of nonhuman primate models of asthma, including a previous study of the HDM-induced rhesus asthma model studied here. 10, 25, 26 Differences in the specific genes detected in our study versus previous studies of nonhuman primate asthma models may be due to i) differences in assessed genes (our study used a prespecified gene set that was generated by applying statistical cutoffs to a human asthma biopsy microarray gene expression data set, whereas previously published studies assessed hand-curated gene lists), ii) differences in assay sensitivity (we assessed gene expression levels by microarray, whereas some previously published studies assessed gene expression levels by quantitative PCR), and/or iii) differences in animal model samples (we assessed airway biopsy gene expression, whereas previously published studies assessed either whole lung or BALF cell gene expression).
Additional analysis of the lung gene expression profiles of human, rhesus, and BALB/c OVA mouse asthma showed that only a small subset of genes is shared among the three different species. The lack of significant gene overlap among the three species may be due to several reasons, including i) imperfect cross-hybridization between rhesus mRNA transcripts and human microarray probes, which would reduce the number of rhesus genes that can be assessed by microarray; ii) incomplete orthology between human and mouse genes, which would reduce the number of mouse genes that can be compared with human genes; and iii) limitations in the ability of the animal models to fully mimic human disease biology. Imperfect cross-hybridization between rhesus mRNA transcripts and human microarray probes because of differences in homology between rhesus and human gene sequences would lead to false-negative signals. We calculate that 99% of human genes lie in regions possessing synteny to a sequenced portion of the rhesus macaque genome, and that 96% of the human probes on the Agilent microarray platform are perfect matches in sequence to the rhesus genes. In addition, analysis of our human and rhesus microarray expression data indicates that the average expression intensity of each gene is similar between the two species. Thus, imperfect crosshybridization between rhesus mRNA transcripts and human microarray probes is unlikely to be a main cause of the lack of significant gene overlap between rhesus and human gene expression. Ultimately, the main effect of microarray platform and species orthology limitations on our conclusions is probably a potential underestimation of the similarities between human asthma and the rhesus and mouse asthma models.
When we compared the genes that are shared by human Th2-high asthma and rhesus asthma with the genes that are shared by human Th2-high asthma and BALB/c OVA mouse asthma, we found that some of the biological pathways that are present in the gene expression profile of human Th2-high asthma are better represented in the gene expression profile of the rhesus asthma model than that of the BALB/c OVA model. These include extracellular matrix biology, cell morphogenesis, nervous system biology, immune host defense biology, and angiogenesis. One limitation of our approach, which may have influenced the outcomes of our analyses, is that we assessed airway biopsy gene expression from human and rhesus and total lung homogenate gene expression from mouse. Thus, the composition of the tissues being compared among human, rhesus, and mouse are different. However, a previously published study of gene expression in total lung homogenate from an allergic asthma model induced in cynomolgus monkeys by Ascaris suum antigen also identified Th2 inflammation Lung Gene Expression in Rhesus Asthma 1677 AJP October 2011, Vol. 179, No. 4 and remodeling genes, although not nervous system or angiogenesis biology. 26 Moreover, it should be noted that the pattern of immune cell accumulation in the lung after allergen challenge differs between rodents and primates. Whereas in mice the immune cell accumulation is primarily perivascular with diffuse peribronchial accumulation, in humans and rhesus the immune cell accumulation is primarily in the larger conducting airways. As such, the biological pathways present in the areas of the mouse airways that are comparable to the areas sampled by biopsies in humans and rhesus monkeys are probably more divergent than those present in total mouse lung homogenate.
Subepithelial fibrosis of the lung, which consists of extracellular matrix deposition in the basement membrane, is a pathological characteristic of asthma and may contribute to irreversible lung obstruction. 41, 42 A previous study of the rhesus asthma model showed increased thickening of the basement membrane, as assessed by histology. 11 In contrast, commonly used short-term mouse models of asthma, such as the BALB/c OVA model that we analyzed in this study, 21 do not develop subepithelial fibrosis and lung remodeling, although more chronic mouse models of asthma can develop some features of fibrosis and remodeling. 39 Neuronal dysfunction and dysregulation, encompassing activation of both the parasympathetic and sympathetic nervous systems, may contribute to the pathogenesis of asthma. [43] [44] [45] Neural mediators can have direct effects on smooth muscle, airway glands, and alveolar walls; there is also substantial interaction between the nervous system and the immune system in the lungs of asthmatic persons. The lung vasculature is increased in asthmatics, and the degree of vascular abnormalities in asthma is associated with asthma severity. 46 -48 Vascularization is not increased in nontransgenic allergen-induced mouse asthma models, 49, 50 although overexpression of vascular endothelial growth factor in the mouse lung results in increased vascularization, Th2 inflammation, and remodeling. 49, 51 In contrast, in the rhesus monkey model of asthma, bronchial vascular density was increased at the mid-to-lower airway generations and was independent of changes in the interstitial compartment. 7 Given the multiple variations of mouse asthma models in the literature, comprising differences in sensitization and challenge protocols, differences in allergens, and differences in mouse strains, it was not possible for us to compare human Th2-high asthma gene expression with that of every mouse asthma model. We therefore chose to compare lung gene expression in human asthma, rhesus asthma, and the most commonly used version of mouse asthma in the literature, which is an acute OVA-induced mouse asthma model in the BALB/c strain. Some of the gene expression features of human Th2-high asthma that are observed in the rhesus asthma model, but not in the mouse asthma model, may be present in other versions of mouse asthma that incorporate a more chronic sensitization and challenge protocol or that use HDM antigen. To address this, we performed additional comparisons of the gene expression profile of human Th2-high asthma with those of a chronic OVA-induced mouse asthma model 16 and an acute HDM-induced mouse asthma model, 18 both of which are publically available. The chronic OVA-induced mouse asthma models share features of cell cycle/cell division, cellular substructures, lymphocyte/T-cell activation and differentiation, immune response/inflammation, extracellular region, chemotaxis, and chitinase activity with human Th2-high asthma (see Supplemental Table S4 at http://ajp.amjpathol.org). The acute HDM-induced mouse asthma model shares features of cell cycle/cell division, chemotaxis, extracellular region/extracellular matrix, immune response/inflammation, and chitinase activity with human Th2-high asthma (see Supplemental Table S5 at http://ajp.amjpathol.org). However, similar to the acute OVA-induced mouse asthma model, neither the chronic OVA-induced mouse asthma model nor the acute HDM-induced mouse asthma model exhibits features of neural biology or angiogenesis, features that are shared between the rhesus asthma model and human Th2-high asthma.
Our study is the first to our knowledge to directly compare genomewide human asthma lung gene expression with that of any preclinical asthma model, regardless of species. We find that a lung Th2 inflammation gene signature that is present in the eosinophilic/Th2-high subtype of human asthma is modeled by a HDM antigen-induced allergic asthma model in rhesus monkeys, as well as by a BALB/c OVA mouse asthma model. In addition, some gene profiles that are present in human Th2-high asthma are better represented in the gene expression profile of the rhesus asthma model, compared with that of the BALB/c OVA mouse asthma model. These include some inflammatory pathways, subepithelial fibrosis and remodeling, angiogenesis, and neural biology that may be associated with neurogenic inflammation. Further study of the rhesus asthma model may complement and supplement studies of mouse asthma models, yield novel insights into the pathogenesis of human Th2-high asthma, and aid in the identification of new therapeutic targets and disease biomarkers for asthma, including potentially some of the genes reported in this study.
